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To further improve stability against major. mechanical shocks, the
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To further understand the conduction mechanism in these diddes, a program
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of interest are thermally assisted tunneling, plasmon conduction, tunnel
junction modes and irradic switching.
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assisted tunneling and its effect on diode conduction. Since plasmon conductio
is dependent on the shape of the antenna, control of the etched whisker tip
will l to control of the plasmon conduction process. The control and
definition of the geometry of the tunneling junction region will determine
tunnel junction modes and their efficient coupling. The junction geometry also
affects fundamentally the switching phenomenon and hence diode noise
properties. This is the first time a highly stabilized tlOM diode has been
fabricated that can have the potential of verifying these theoretical models.
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CHAPTER I

INTRODUCTION

1.1 Metal-Insulator-Metal Diodes

Radiation detection In the wavelength range from m to the infrared

can used both microwave and infrared technqiues. A traditional infrared

technique, photodetectors, is often used for both detection and mixing.

Photodetectors, however are much slower than interactive detectors.

They also require refrigeration, especially in the far infrared. Vacuum

tubtdlodes are not usable at submillimeter wavelength, as they suffer

from "transit time effect". Alternatively, one may use traditional

nonlinear room temperature diodes, such as point-contact diodes or

metal-semiconductor schottky barrier- diodes. The use of point-contact

diodes as detectors in the submillimeter region has some advantages

over other infrared detectors, since it has low junction capacitance,

hence an inherently fast response.

The earliest point-contact Metal-Insulator-etal (HI) device

reported in the literature utilized a catswhisker tungsten wire in

contact with a polished metal plate EbJ.The contact was not ohmic'due

to some trapped materials (i.e., oxide) at the contact, and conduction

was assumed to occur by means of electrons which tunnel through the

-bN'



insulator. This particular tunnel configuration had a very small

capacitance (10-2 PF) and a low spreading resistance, which led to a

limiting "RIC time constant" of the order of 10- 13~ S f3.
Unfortunately, the extreme mechanical instability of the point-

contact MOM configuration made It unusable as a practical device. Many

attempts have been made to fabricate a stable, integrated device as

an alternative to the MOM point-contact diode. One such diode uses

discontinuous nickel films, vacuum deposited onto a glass substrate rz-4J,

This diode is a hybrid structure that utilized the planar feature of

film deposited on a planar glass plate for stability and reintroduction

of the etched whisker tip of the point-contact diode in contact with
the island arrays for array selection and local field enhancement t6l.

1.2. Characteristic Features of the MIM
Film Diode

When metal is vacuum-deposited onto a substrate such as a glass

slide, it is clear that the film is discontinuous at the beginning of

deposition. Numerous metal islands are formed on the substrate, each

of which grows with the adsorption of atoms onto the substrate. Con-

tinued deposition of metal atoms finally brings about direct contacts

* of islands leading to the establishment of a continuous film.

Even when the islands are separated, the discontinuous metal film

exhibits electrical conduction. The principal mechanism for conduction

is considered to be the passage of electrons through the insulating.

layers between islands by tunneling [7,8]. In films with high density

of small islands, direct tunneling will be the principal conduction
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mechanism. On the other hand, as the distance between islands and the

sizes of the islands are increased, the conduction process becomes

complicated, and may involve conduction via impurity levels of the

substrate materials, thermal excitation of electrons in the islands and

thermal electron emission. According to Neugebauer, the electrical

conduction mechanism is related to the structure of the thin film as

shown in Figure 1 [9]. When the film has the discontinuous structure

corresponding to region A, where direct tunneling is the dominant

conduction mechanism, it consists of a large number of MIM junctions

connected randomly in series and parallel over the film surface.

*To couple energy into the diode efficiently a tungsten whisker with

an etched tip is made to come in contact with a group of islands

electrically. The sharp tip enhances the incident field and selects

the desirable group of islands for diode action.

041
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Figure 1. Region of island size and separation at which the
proposed conduction mechanisms are most applicable.
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CHAPTER II

ANALYSIS OF MIM FILM DIOOE OPERATION

It is thought that useful properties of MIN diode arise from a non-

linear current-voltage characteristic of the discontinuous metal film,

together with the ability of the metal catwhisker to function as a

receiving antenna converting the incident radiation to a voltage across

the diode.

In this chapter we present calculation of the field generated at the

tip of the catswhisker. We also discuss the electric conduction in

discontinuous metal film based on tunneling of electrons through potential

barriers between metal islands.

2.1 Theory of the Catswhisker Antenna Property

When the sharp tungsten whisker tip makes contact with the nickel

oxide layer in MOM point-contact diode, very small amounts of stability

will be achieved. The sharp tip is at the point of barely making

contact with the oxide film, so that any vibration-induced variation in

the separation between the tip and the post will lead to periodic

breaking of contact and thus open circuit of the diode. This is diode

resistance variation at the vibration frequency.

A tip with a slight bend or hook without blunting after contact with

the oxide layer was a stabilization scheme introduced (14]. The contro-

versy regarding hooking of the whisker tip without damage as a reliable

method for stabilizing the MOM point-contact diode without significant

I'
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degradation of diode performance has been resolved (14]. The same

concept is used in the MIM thin film diode, with the whisker playing

the role of directional antenna. Experiments have shown that the tip

of the etched whisker is responsible for field generation and current

induction in the tungsten wire. The geometry of the tungsten wire in

contact with the metal islands is shown in Figure 2.1. The tip of the

etched whisker for different hook formation is shown in Figure 2.2.

Schelkunoff (10,11] has developed a general theory in which the

antenna is viewed as a waveguide. This method facilitates the analysis

of antennas with different geometries. Instead of describing the

radiation field in terms of the natural oscillations of the antenna, the
-0 fields are expressed in transmission modes, which represent waves "guided"

along the antenna. In Schelkunoff's analysis, the conical antenna is

treated as a uniform transmission line, i.e., a system with a uniform

characteristic impedence. Specifically the conical antenna acts as a

waveguide for spherical waves propagating toward (receiving) or away

(transmitting) from the cone apex. In our application of the conical

antenna theory to the propagating of the fields on the whisker tip, we

shall make use of Schelkunoff analysis and subsequent simplification

introduced by Wolf and Kraus [12,13]. Thus in our conical antenna

model, incoming spherical waves induce a current in the tip resulting

in a voltage between the conical tip and metal film base.

As in the case of the field and the current distribution in a right
circular cylinder, we shall need only those solutions of the wave

equations for the electric and magnetic fields, E and H corresponding

to the principal wave (TEN);. all other wave solutions, of the compli-
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Figure 2.1. Shape of etched tips for different immersion
depths after contact is made.
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Figure 2.2 The tip of the etched whisker for different hook
formation.
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lentary waves, do not contribute to the detected voltage [15]. For

the principal wave, both F and A are transverse, thus no radial component.

The electric field lines form great circles passing through the polar

axis (see Fig. 2.2). Since E has only a a component, and R a 4, component,

the first Maxwell equation for harmonically time varing field

VXR--jJI (1)

is in spherical coordinates

, - (2)7 ~~ar --- H

where ji is the magnetic permeability of the medium

Similarly, the second Maxwell equation,

V X H- j .E (3)

where c is the dielectric constant, reduces to

3(4) -- (,re) (4)
- _ ar"

and

a(, e H .0  (5)
a#

A wave equation for (r;4) is derived by differentiating Eq. (4)

with respect to r and using Eq. (3):

V e'a( H) (6)

4hT

It is seen from Eq. (5) that H has the form

i (7)
oin
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A solution which satisfies both Eqs. (6) and (7) is

.- H . I (8)

where a 6) r- 2 in/), and the upper sign refers to a spherical wave

approaching the tip and the lower sign denotes an outgoing spherical

wave.

The electric and magnetic fields of a.TEI4 wave are related by

the intrinsic impedence Z0 of the medium. Thus we have

- . - -f .H.'

where Z0 is 1200hms for free space.

When the tip apex is close to the base, it is simple to obtain

the voltage between say point 1 on the tip and point 2 on the base (see

Fig. 2.2). The voltage generated between these two points is given by

the line integral for E,

V(r) -! . do (10)

Where 0 hc is the hAl f cone angl'e and S r is the angle between the half

cone and the Z-axis. Equation (10) is integrated, using Eqs. (8),

and (9)

V(r) - ZefN. 8.,, f'
V(r) - 2ZJI.,' in wot !-6-( 11 )

2

The net current I(r) on the cone at a distance r from the tip may

be obtained from Ampere's law;

1( 4 - fIIrsin Gd# - 2wrH,, sin 0 (12)

1(,) - ~,2, Vis
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The radiation pattern of the catswhisker in HIM diode varies over

a wide range of wavelengths (5cm..- 1O.6um). In the low frequency range,

the whisker tip acts as a short antenna and the radiation pattern is not

highly directional.. On the other hand, at higher frequencies (infrared

and laser frequency) the whisker tip becomes long wire antenna and the

radiation pattern is highly directional.

2.2 Tunnel-Effect in the HIM (Metal-Insulator-Metal)
Structure

Normally, the only way an electron can pass from one electrode to

the other is if it has sufficient energy to overcome the barrier existing

at the metal insulator interface, that is, if it can enter the conduction

band of the insulator, by thermionic emission. If the energy of the

electron is less than the interfacial barrier height, classical physics

predicts that the electron cannot penetrate the barrier. In quantum

theory, however the quantum mechanical wave function, * (x), of the

electron has finite values within the barrier (see Fig. 2.3), and, since

0,k()* () (x)dxis the probility of finding the electron within the incre-

mental range X to X + dX, this means that the electron can penetrate the

forbidden region of the barrier. The wave function decays rapidly with

depth of penptatlon of the barrier from the electrode-insulator inter-

face, and is essentially zero at the opposite interface, for the barrier

of macroscopic thickness, indicating zero probability of finding the

electron there (see Fig. 2.3a). However, if the barrier is very thin

(<50A), the wave function has a nonzero value at the opposite interface,

so that there is finite probability that the electron can pass from one

electrode to the other by penetrating the barrier (see Fig. 2.3b), via

0a
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Figure 2.4 Potential energy diagpem of (a) metal-vacuum
interface after Soefeld, and (b) metal -vacuum-metal
interface.



the tunneling process.

In the Sommerfeld (16] free-electron theory for metals, it is assumed

that the free electrons (the electrons responsible for electrical

characteristics of metals) move in a constant potential environment

within the metal. Figure 2.4 is the energy band diagram of the

Sommerfeld model; the metal is represented by a potential energy well of

depth V0 ; the vacuum level represents the energy of an electron at rest

outside the metal. In Fig. 2.4a the potential barrier is shown as an

abrupt step; later a more realistic model will be adopted. At OK, the

electrons which exist in discrete energy levels, fill up the well to the

Fermi level r. The distance V - - r from the Fermi level to the

vacuum level is known as the work function of the metal, and represents

the minimum energy required to free electrons from the interior of the

metal at O°K.

Under equilibrium conditions, two similar electrodes separated by

a distance S is shown in Fig. 2.4b. There exists a potential barrier

of width S and constant height go above the Fermi level. When a potential

difference V exists between the electrodes, the Fermi levels are

separated by an energy eV as shown in Fig. 2.4b (dotted line). The barrier

height is a linear function of the distance within the barrier;

__ x) a 0 -eVX/S

D(Ex) is the probability that an electron can penetrate a potential

barrier of height V(X) in the X direction as shown in Fig. 2.5 and is

given by the well known WKB approximation (17].

ii
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Figure 2.5. General potential barrier in insulating film
between two metal electrodes.
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Figure 2.6. Illustration of Eq. (32) showing current flow
between the electrodes.



14

foD(E.)-m pl -- f 2m(V(s)-~Eo))e./, ,(13)

Where Ex a mVW2 - energy component of the incident electron in the

X direction.

m - mass of electron

v - voltage across film

h a Planck's constant

s - thickness of insulating field

s 2 - s1 M width of potential barrier at Fermi level

N1 electrons tunneling through the barrier from electrode 1 to

electrode 2 as given by

NI- iaig(ra)D(Iia)dr. (14)-fr,

Where Em is the maximum energy of the electrons in the electrode, and

n(v x )dv x is the number of electrons per unit volume with velocity

between vx and vx + dvx . For an isotropic velocity distribution which

is assumed to exist inside the electrodes, the number of electrons per

unit volume is given by

*n(r)drhdr,- (2m'(1))(E),r.d-ds

where f(E) is the Fermi-Dirac distribution function. Consequently,

from Eq. (15)
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f (16).,-n. f-

Where

-' Ii,--m t ,4 2 .

Substitution of Eq. (16) in Eq. (14) yields

Y-x J D(E.)dEaJ f(E)i 1., (17)

The number of electrons N 2 tunneling from electrode 2 to electrode 1
is determined in a similar manner. The tunneling probility D(Ex ) is the

same in either direction, and if electrode 2 is at positive potential

V with respect to electrode. 1, the Fermi-Dirac function is written as

f(E +eV); therefore,

.V2 . 4w n - D(/E Afe"'d , (18)

00f

The net flow of electrons N (=NI N ) through the barrier is

'x 4 1r(n') -(E+)t .)l ..-. ( 1 9 )• k3 fe
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Uri ti ng

and

and C1 C 2' Eq.19 becomes

i-irf D(E,)rdE.. (20)

Writing V(x) = i+ lj(x) with reference to Figure 2.5, Eq. (13) becomes

D(E.)-exp _(2ii)f(+ ()-Er)d] (21)

Integra ti ng Eq. (21 ) us ing Eq. (B5) from Appendix B we arrive at

D (E.) -,p[- A (,; + 0-E)J (22)

where iis the mean barrier height above the Fermi level of the

negativel'y biased electrode

As *I~

*and 0 is defined in Appendix B. -At 0*K, E, and E2 are given by

and

S2

.U- i LX
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so that

f(O(In/1e)(CV) 0 -E. -E -(r2

Substitution of Eqs. (22) and (23) in Eq. (20) gives

s 4 a" ' "I- " ep[- .4 (q+ - .) . (24)

+f .) ,exp[-. A E- .,)". I."

To facilitate Integration, Eq. (24) is written in the form

4h3c (f -E"

(25)
- ef ,. pt-A ('+ -E.

Xexp-A (I+.-kIE.)

The first of the integrals in Eq. (25) yields

(Bm I'jh)(l.4 )'(C (0+eV)I+ 1] ex, - (O+el') (2)-[A (0+11)1+ 13 CXP[-. (0+0)11. (6



The second term in the braces is negligible compared to the first term

as usually, A( p - eV) >> 1. Thus Eq. (26) reduces to

(8xmne2/J3A'.V(O+cVMI cxpE-A 0~+01)]. (27)

The second integral in Eq. (25) is of the same form-as the first,

and is similarly approximated to

(81naa/10aA 2)MCA 01+13 exp(-A 0,I) (28)

The third integral of Eq. (25) has the form

* (29)
ri-3 3-. 6: 6

f CA A- A21.'

where ;n;-.

The third and fourth terms in the parenitheses in Eq. (29) are negligible

in compari'on to the first two; so that the third integral in Eq. (25)

becomes

(8ume//k'A) (ol exp(-A oly (30)

+ (8wrve/J1A.) (31A)( exp(-A l

One)CPCA(,et)]
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Summation of Eqs. (27), (28) and (30) yields

J- (d,) -{ exp(-A 01) (31)

-(O+eV) expC-4 (O+eV)%)).

Equation (31) can be expressed in the following forms:

JmJ(Oexp(-Ao1) (32)
-(+V) exP- +')(3

where
Jo- e/2-;(. s):.

Equation (32) has the advantage that it can be applied to any shape

of potential barrier provided the mean barrier height is known, or

alternatively, if the current-voltage characteristic of a tunnel junction

is known, the mean barrier height can.be determined.

Equation (32) can be interpreted as a current density J exp(-Ai)

flowing from electrode 1 to electrode 2 and a current density Jo ( + eV)

exp [-A + eV)I ] flowing from electrode 2 to electrode 1 resulting in a

net current density J given by Eq. (20) (see Figure 2.6).

._I--
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CHAPTER III

DISCONTINUOUS MIM FILM DIODE STRUCTURE

3.1 MOM Diode Background Technology

Metil-Oxide-Metal (MOM) diodes are the fastest detector known.

They are used in the frequency range from microwave to submillimeter

wave and infrared spectral regions. Submillimeter waves as well as

infrared frequency mixing and recitification with point-contact MO" diodes

have been achieved (18, 19, 20, 21], and detection in the optical range

using MOM diodes has been reported [22,23].

The responsivity and detectivity of MOM diodes are lower than those

of cooled quantum detectors (24]. However ultra fast rise time of M014

diodes makes them attractive devices for a variety of applications.

Absolute frequency measurements have performed up to 150THz using MOM

junctions as harmonic mixers. They are also needed for the observation

of fast laser pulses and in broad-band hetrodyne systems used in laser

radar and optical communication.

MOM diodes are mostly used in the form of conventional point-contact

diodes. A thin whisker is etched electrolytically and serves as a long

wire antenna. The resulting sharp tip is pressed against a polished

metalic base (see Fig. 3.1). The natural oxide layer on the base

material forms the potential barrier for the tunneling electrons.

Although these diodes are relatively easy to build, serious drawbacks

hinder a more widespread usage. The responsivity of early point-contact

m
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Figure 3.1. Conventional Point-contact diode structure
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diodes is unstable, and even exhibits polarity reversal during operation.

Early MOM detectors are also known to suffer both from microphony and

electrical transients. Since the relevent parameters, such as oxide

thickness and junction area cannot be controlled, the characteristics

are not reproducible from one diode to another. Furthermore, stable and

reproducible antenna configurations are difficult to realize with thin,

free standing whisker.

Marked improvement was reported on the stability of MOM point-

contact diode by deliberate hooking of the whisker tip [14, 25,26] (see

Fig. 3.2) The bent or hooked tip has often been encountered by workers

in this field, but viewed negatively because of its uncontrollability

and the possibility of increased contact area, thus increased capacitance

and reduced local field enhancement. However, it has also been argued

that the simultaneous reduction in diode resistance due to increased

contact area may approximately compensate the increase in capacitance, so

that predicted RC degradation is debatable. It turned out that diverting

the sharp tip from the contact area also had negligible effect on local

field enhancement.

From a physical point of view, hooking provides some cushioning for

mechanical vibrations, a free end for thermal expansion and contraction

and a rounded bend in the oxide junction area with reduced susceptibility

to electrical charge buildup.

Planar metal-insulator-metal (MIM) structures (4] have been proposed

as alternative structures to the metal-oxide-metal (MOM) point-contact

diode. The printed circuit version [27] still retains the sharp tip

04
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To BNC

Tungsten Whisker

Naturally grown
oxide laver

Quartz post coated
with nickel

. To ground

Figure 3.2. MOM Point-contact diode structure.
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structure and thus inherently sensitive to thermal and electrical

instabilities. These instabilities were absent in the discontinuous

HIM film diode fabricated by vacuum sputtering of various types of

metals on to glass plate. Due to the highly nonuniform nature of dis-

continuous metal films, the film diode was composed of chips electrically

interconnected into arrays. This was an attempt to select desirable

patches of islands and interconnect them in such a manner as to achieve

a multi-chip diode with the proper resistance. Thuslow resistivity

chips were connected in series to fully utilize the desirable feature

of proximity of islands. High resistivity chips were connected in

parallel to arrive at an optimum overall resistance (see Fig. 3.3).

The success of planar diodes using discontinuous HIM films and

island array was limited to only assurance of stability. Responsivity

of the diode suffers from the absence of the long wire antenna of the

point-contact version. Chip array interconnection is highly unpredictable

so that diode characteristics are not reproducible and repeatable.

3.2 Alternative Structure of MIM Film Diode

After extensive research, we have come to the conclusion that the

long whisker antenna can be reinstated if proper design considerations

are taken. It is thus our aim to fabricateand testahybrid planar diode

package that consists of discontinuousnickel film deposited on a glass

substrate with a tungsten whisker antenna. In this casethe metal

islands are separated by naturally grown oxide layers of dimensions

that allow for tunneling; the tungsten whisker with an etched tip is

caused to make electrical contact with a select group of islands to
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Figure 3.3 (a) Single chip with leads: (b) Chip arrays in
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AB dimensions conform to waveguide dimensions; a,b dimensions
typically in the range of a few millimeters.
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enhance the incident field on the islands and select the desirable group

of islands for diode action.

Patches of deposited nickel islands are carefUilly preselected,

then they are isolated and removed with the glass substrate, which is

in turn glued to another glass plate. The etched tungsten whisker is

laid flat on the latter glass plate and silver cemented to it. The

stem portion of the whisker is bent such that the etched tip makes firm

contact with the nickel film patch. The contact pressure must be such

that the tip penetrates the oxide layer of the film and make electrical

contact with the metal islands. The tip will be hooked in the penetration

process (see Fig. 3.4). Then the whisker-enhanced film diode is packaged

in a waveguide.

3.3 Film Characteristics

In our attempt to construct discontinuous metal film diode as high

frequency detector with low noise, high sensitivity and stability, it

stands to reason to fabricate films in which direct tunnelling is the

dominant conduction mechanism. It is known (26] that films of palladium

or platinum-palladium deposited on glass substrates provide stable

islands of extremely small size. However, these films normally present

high sheet resistance of several megohms and low sensitivity. Such

high diode resistance is easily loaded by external detection circuits.

A multi-layer film structure was therefore suggested, consisting

,0
of palladium-platinum film deposited on gold discontinuous film. Test

resultsindicated Pd-Au films were superior in performance to Pd film

(27] due possibly to the difference in the work function of dissimilar

I0Sq ' ' .. 1 ''' I lFi, mm, .. , -"r -.. ..
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metals. However, film resistance was too low for extraction of

detectable signal from the film. Finally nickel was selected (21] as

the film element in the planar MIM discontinuous film diode, since its

natural oxide layer was very thin and of extremely high sheet resistance,

as learned from our work on MOM point contact diode (24]. Thus, high

density nickel islands can be deposited that will be separated by very

thin oxide layers.

3.4 Film Deposition

Glass slides cleaned with Fisher biodegradable sparkleen solution

was used as the film substrate. Such slides were boiled in the

solution and transferred into an ultrasonic cleaner and cleaned for

30 minutes. The slide was then rinsed in boiling deionized water,

and then ultrasonically cleaned for another 30 minutes. The slide was

removed and blown dry with nitrogen gas. The dried slide was then

mounted in the model SEM-8620 sputtering unit manufactured by Materials

Research Corporation. The sample was placed on the J head, while the

target was made the cathode. The sputtering unit was then vacuum sealed

and pumped down to a vacuum pressure of 10-6 Torr. The system was then

backfilled with an inert gas (argon) to 5 microns as the sputtering

plasma. The metal target was pre-sputtered as degased to remove impurities.

The sputtering power then set and sputtering was petformed over a pre-

scribed period of time. The slide with the deposited film was then

* Aremoved for film resistance check.
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3.5 Electrolytic Etching of the Catswhisker

The 3N KOH solution was prepared with distilled water. The twenty

five pm diameter tungsten wire to be etched served as one electrode,

while a copper plate, covering the bottom of the bath that contained

the KOH solution, served as the other electrode. An 8v Ac was applied

directly to the electrodes, with precautions taken to reduce etching

circuit resistance to a minimum of 1-20hms. Circuit resistance variation

due to the introduction of metering or poor contact between the tungsten

wire to be etched and the vice that held the wire in a firm grip was

often reflected in significant variation in the etching time. The

shape of the etched tip was then controlled by the depth of immersion

of the wire in the electrolytic solution. Two typical etched-tips for

two different immersion depths are shown in Fig. 3.5.

3.6 Catswhisker Tip Contacting or

Hooking Process

The contact process was characterized by two parameters; contact

pressure and amount of tip hooking without undesirable blunting or

damage. The distance between the Vertical elevation of the film plate

and the plate that the tungsten wire is mounted, can be varied so as

to vary the contact pressure of the whisker tip. The limit was reached

when the whisker shaft began to buckel and hooking was initiated. The

ultimate contact pressure was the important parameter, which was in turn

controlled by the amount of hooking.

3.7 Diode Packaging

MIM discontinuous film diodes were tested at X band due to availability

6
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of tunable sources with adequate power. X-band waveguide was used for

the diode mount. The open W/G mount can be used for incident radiation

at higher frequencies.

Two short sections of the waveguide were cut from X-band waveguides.

The first section (A) was to serve as the BNC connector mount, while

the other section (B) was to serve as the diode housing. Section A

was the lid for section B. One face of the wavegui de section A was removed

to create an open structure for the installation of BNC panel receptacle

on the remaining face. This served as the signal output port of the

diode. The waveguide section B was sliced into halves. This exposed

the inside of the waveguide for ease of diode mounting. A plane glass

plate of the inside dimenpion of the waveguide was glued to the base of

the lower half of section B. This would serve as the securing wall for

the glass substrate with the chips and wire leads. The glass substrate

was glued to this wall. During the test, the upper half and lower half

of section B were rejoined and temporarily clamped together to form a

standard waveguide (see Figs. 3.6, 3.7 and 3.8). The other end of the

etched tungsten wire was silver cemented to the base of the waveguide,

which served as ground. A lead wire cemented to the BNC was shaped into

a coil spring with the other end cemented to the film (see Fig. 3.6).
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Waveguide/

* Glass plate

Silver cement

Etched tung~sten whisker

Figure 3.6. Cross sectional view of waveguide packaging.
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Figure 3.6 Wavegulde diode packagijpg.
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CHAPTER IV

TEST RESULTS ON MIIM FILM DIODE

4.1 Film Selection

Film deposition is done in different conditions. The major variables

in film deposition are the sputtering power and sputtering time. After

deposition is completed, to eliminate film patches with very high sheet

resistance (>10 I() or very low resistance (< K12),. the I-V characteristic

of each patch is examined with gold tip probes. Since film deposition

is nonuniform throughout the glass substrate, in the first stage of film

0 iselection we use the average resistance of the films.

The I-V curves of Hi films which deposited in different conditions

are shown in Figure 4.1. The results are summarized in Table 4-1.

According to the results, the optimum Ni film (4 Kn<R<IOK ) can be

produced at 50W sputtering power and 30 sec. sputtering time. Under

these conditions, film resistance is in the range of lOKOhm. This is

the range of high island density, hence narrow oxide layer between

island, thus high tunneling probility.

The film patches are removed with their glass substrates intact.

Again the 1-V characteristic of each film patch is examined to make sure

that the film resistance is in the desirable range (4 KSI<R< 1OM).

Now the film patches are ready to be mounted in the X-band waveguide.*I
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I V/Div.

Figure 4.1a. I-V curve of (100W, 30 sec.) 14i filIm.
(R =1. 6 Kfl)

1 V/Div

Figure 4.1b. I-V curve of (100W, 15 sec.) NI film.I (R -120 1(n)



37

1 V/0iv

Figure 4.1c. I-V curve (50W, 45 sec.) of Ni film,.
(R =500 )

1 V/Dv

Figure 4.1d. I-V curve (50W, 30 sec.) of tli film
( = 5 Kn)



2 V/Oiv.

Figure 4.1e. I-V curve (50W, 20 sec.) of tli film.
(R 50S K )
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4.2 Selection of Etched Tungsten Whisker

Since sufficient contact pressure must be exerted on the whisker

tip before a hook would form, it is thus clear that tip with small

slender ratio (the ratio of the shaft length to tip diameter), i.e.,

sharp tips with short shaft, will not hook readily and are thus more

suceptible to blunting or damage. On the other hand, tips with large

or moderate slender ratios can hook without blunting. Thus there is

an optimum shape and contact pressure for the best hook performance.

There is an upper limit to the slender ratio, above which the whisker

is too slender and large radius hooks are formed with unpredictable

contact pressure.

Figure 4 .2a shows an etched tip of a small slender ratio. Upon

contact with metal islands, no hooking was observed (see Fig. 4.2b).

This is defined as a damaged or blunted tip. Such an MIM film diode

exhibited totally unsatisfactory detection performance when tested

at IOGHz, i.e., the diode has low responsivity and is unstable.

Figure 4 .3a and 4.4a show etched tips with a proper slender ratio that

produce hooking without tip blunting or damage, as seen in Fig. 4.3b

and 4.4b.

A systematic study was conducted by us (143 to arrive at a slender

ratio for best response and stability of the MOM point-contact diode

with an undamaged hook. Having arrived at the appropriate parameters,

optimum tips were repeatedly fabricated for the MIM film diode.
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(a)

(b)

Figure 4.2. Photographs of etched tip before and after
blunting (using SEM).
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(b)

Figure 4.3. Photographs of etched tip before and after hooking.
(using SEM).

0m
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(a)

(b)

Figure 4.4. Photographs of etched tip before and after hooking
(using SEM).
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4.3 X-Band Detection of MIM Film Diode

Detection experiments were performed using klystrons at 8.2 GHs

modulated by a variable frequency square wave. The diode mount is

vibration tested by monitoring the X-band detected signal level during

the test. The signal was displayed while the waveguide package was sub-

jected to ambient vibration and severe shocks. If no noticeable changes

were observed under these test conditions, the package would be shelved.

The microwave setup used for detection and mixing is shown in Figure 4.5.

In the first stage of testing, a single strip Ni film was selected.

the I-V curve of this film was established as shown in Figure 4.6a.

6 This test was used to compare the earlier version of MIM film diode with

the new MIM film diode design. The film was first mounted in a waveguide,

stub turned and tested at X-band. An on-linecommercial detector was

used for comparison. The output of both detectors are shown in Figure

4.6b. The same film was used in the whisker enhanced film diode. The

response is shown in Figure 4 .6c. Both detected signals were stable,

and as can be seen, the new MIM film diode demonstrated much higher

sensitivity than the version without the whisker.

Detected X-band signals of a stabilized MIM diodes over a three

week period for different film resistance are shown in Figure 4.7. The

catwhiskers were taken out after each test and observed under the SEM

for possible blunting. In none of the cases shown in Figure 4.7, was

0 the tip blunted. As is clear from Figure 4.7, responses are very low

for films with high (>IOKIQ) or very low (<2 Kl) resistance.

m--

U

LI in ,: ' ~, ,-rr.r-~



45

In the mixing scheme, the two tunable X-band oscillators were set

at approximately 8 GHz. The MIM film diode received radiation from

these sources, caused mixing that resulted in beat signals. This signal

was brought down to the KHz range by tuning the two sources and displaying

the beat on the oscilloscope. Figure 4.8 shows the I-V curve of the

film used in this diode and the beat from the MIM film diode and the

commercial diode.

Finally, the response of MIM film diodes using the same discontinuous

film but three different catwhiskers (catwhlskers with different slender

ratios) was examined. The I-V curve of the film used in this experiment

is shown in Figure 4.9. The catwhiskers were taken out after each test

0 and observed under the SEM.

The SEM picture of a hooked tip and corresponding detected signal

are shown in Figure 4.10. This diode was stable under severe shocks.

This indicates that the sharp point has penetrated the oxide layer fully

and is in electrical contact with the metal islands. Thermal cycling

between O°C and 100°C had a slight effect on diode performance. This

was due to expansion or contraction of the entire whisker resulting in

minute lateral movement of the bent tip on the islands. In Figure 4.11

the tip was not fully hooked, and the response was lower than that of

the diode with a properly hooked tip and the signal was not stable

(Fig. 4.9). Figure 4.12 showed a blunted tip and corresponding detected

signal. The signal in this case is very low because the blunted tip does

not penetrate the oxide layer, nor does it provide local field enhance-
ment and a high degree of island array selectivity.

eq
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Commercial diodes Klystrofl
Attenuator

diodes

oscilloscope *i .r 1 ?
Analyzer -zM..

figure 4.5. Microwave setup used for detection and mixing of

the waveguide packaging diode.
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2 V/Div

Figure 4.6a. I-V curve of the Ni film (50W, 30 sec) (R a91(n)
chips array and field enhanced MIN film diodes
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ICommercial detector

Single strip Ni film

Time, 2 msec/Div.

Figure 4.6b. X-band Detection of Chips Array MIM Film Diode

-Commercial detector

I 1Kiv
MIM filmi diode
2mV/ Div

* Time, 1 msec. /Div.

Figure 4.6c. X-band detection of field enhanced film diode
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* 1 VIDiv

-. Commercial detector
Tj 2V/Div.

-~p~ ~ Th5 mV/Div.

Time, I msec/Div.

Figure 4.7a. (i) I-V curve of (50'W, 30 sec) Ni film (R =6K),
Iii) and corresponding detected signal
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>5 .. ..

I V/ Div.

* ~ Commercial detector
2 V/Div.

141 NM film diode
2 mV/Div.

* Time, 1 rnsec/ Div.

Figure 4.7b. (i) Curve of Ni film (50 W, 30 sec) (R 9 KQ)
(ii) and corresponded detected signal.
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4C

2 V/Div.

___ Commercial detector

2 V/ Div,

* HIM film Diode
.1 mV/Div.

~ * . ~.Time, 1 msec/Div.

Figure 4.7c. () I-V curve of Ni film (50W, 30 sec) (R = 14KQ),

(ii) and corresponded detected signal
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2 V/Div

b )

Commercial detector

2 V/Div

t41M film diode

.1 mV/Div.

Time, 1 msec/Div.

Figure 4.7d. () I-V curve of Ni film (50W, 30 see,) (R a1.6 KSJ)

(i) and corresponded detected signal.
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E

5 V/Div.

(a)

ICommercial detector
.5 V/Div

MIM film diode
.5 mV/Di v

Time, .5 msec/Div.

Figure 4.8 (a) I-V curve of the film (50W, 30 sec).
(b) corresponding X-band beat signal of MIM film

diode and the commercial diode.
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2 V/Div

Figure 4.9 I-V curve of Ni film used in three different
waveguide packaged diode with different catwhiSkers
(catwhiskers with different slender ratios).
*(see following figures);
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- Commercial detector
2 V/Div.

M114 film .diode
~mv/Div.

Time, I secfDiv.

Figure 4.10. SEM photograph of a hooked tip and
corresponding X-band detection of waveguide
packaged MIM film diode.
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Commercial-detector
2V/ Di v.

HIM film diode
2mV/ D iv.

Time, Imsec/Div.

Figure 4.11. SEM photographyof a hooked tip and corresponding
X-band detection of waveguide-packaged 1.111 film diode.
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Commercial detector
2 V/Div.

MIM film diode

.20/Dv

Time, lmsec/Div.

Figure 4.12. SEM photograph of a blunted tip and corresponding
X-band detection of waveguide-packaged MIIM film diode.
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CHAPTER V

CONCLUSION

The discontinuous 14i film diodes using nickel islands have clearly

demonstrated-the feasibility of long term stability without severe

degradation in the X-band. Its performance was comparable to the per-

forinance of the point-contact version by incorporating the tungsten whisker

tip for field enhancement and array selectivity.

The planar nature of the film diode with the film and the whisker

in parallel planes renders thediode immune to ambient vibrations. However,

the bent tip in a vertical orientation (see Fig. 3.4) tends to move under

ambient thermal fluctuations due to thermal expansion and contraction of

the stem of the whisker. However, this can be removed by heat sinking

the stem.

In such an HIM film diode, the sharp point has penetrated the oxide

layer and is in electrical contact with the metal islands. Therefore,

the tunneling region is fixed by initial film deposition, which determines

interisland spacing. This feature is extremely desirable for thermal

stability; while in the point contact diode, oxide layer penetration

depth varies with temperature even with a hooked tip: The inherent

noisy property of discontinuous film still awaits understanding and

solution. This may lie in a better control of deposition for more uniform'
0

films by high resolution masking and other techniques.

Ir
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Abstract

To resolve the controversy regarding hooking of the whisker tip without damage as a
reliable method for stabilizing the MOM point contact diode without significant degradati
of diode performance, a systematic study is implemented to control the fabrication of suc
tips, the contacting process and monitoring of diode performance in the microwave and mm
wave region.

The fabrication and contacting processes are monitored by microscopes, and the tip wit
and without hooking is scrutinized with the SEM. Results so far have indicated the repro-
ducibility of the etching process, and the tolerance range of tip dimensions that will mak
contacting process and surface less critical. Improvement in stability is also signific
with controlled hooking of the tip with no noticeable loss of diode sensitivity. The
stability is long term and is quite immune to moderate vibrations and laser heating. Diod
performance is monitored at 10 and 50 GHz in direct detection and mixing both before and
after hooking.

Introduction

As a follow-up on our work on the stability of hooked-tip MOM point contact diodes
reported previouslyl, we will present our current results on the fabrication and control o
the etching and hooking parameters of the whisker tip. This is a systematic study that
involves a painstaking procedure to attempt to achieve reproducibility of the etched tip
with the optimum slender ratio, what we call the reproducibility indicator; and a hooking
procedure that can serve as the diode stability indicator.

Electrolytic etching orocess standardization

A 3N KOH solution, freshly prepared was used for each tip etching so as to maintain the
etching solution at constant strength. Electrode spacing with the tip to be etched
serving as one electrode was also kept fixed for all tip etchings. An 8V ac was applied
directly to the electrodes, with precautions taken to reduce circuit resistance to a
minimum of 1-2 ohms. Circuit resistance variation due to the introduction of metering or
poor contact between the tungsten wire to be etched and the vice that held the wire in a
firm grip was often reflected in significant variation in the etching time. Once these
parameters were established and held constant, the shape of the etched tip was then solely
controlled by the depth of immersion of the wire in the electrolytic solution. Miniscus
etching determined the tip shape, with modification dependent critically on the time
required to etch the immersed portion of the tungsten wire. Three typical etched-tips for
three different immersion depths are shown in Fig. 1, at two magnification -ettings of the
SEM. The portions of the wires with horizontal striations are the unetched part (see Fig;
pictures with 540x magnification); the 3000x level of magnification is used to study in
detail the etched portion of the wires. The shape of the etched portions determine
critically the amount of hooking and the type of hooking possible when the tip comes in
contact with the nickel post and penetrates into the surface oxide layer.

The reoroducibility indicator-undamaged-hooked studies

Control of the etching'parameters has resulted in the fabrication of whisker tips of
reproducible shapes. Interest was then focussed on the optimum tip shape and its reproduc-
ibility. A reproducibility indicator was established for a tip with an optimum shape
defined as that which led an optimum undamaged hook. The hooking process was thus
designated as the means to establish this indicator.

Figure la presents an etched tip, resulting from a shorter than optimal length of wire
immersed in the KOH solution. The tip was not sufficiently slender, so that upon
contact with the nickel post, no hooking was possible. With increas:.-q contact pressure,
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tip blunting eventually occurred. This is defined as a damaged or blunted tip. Such an MOM
diode exhibited totally unsatisfactory detaction performance when tested at 10GHz.
Figures 2a, b, c, demonstrate tips in the range of the optimum shape as verified by the
proper amount of hooking without tip blunting or damage, as seen in Figs. 2aa, bb, cc.

This optimum tip shape was achieved by increasing the immersion depth of the tungsten
wire in solution. An optimum hook is one that possesses an undamaged tip very close to
the elbow of the hook, where contact with the oxide layer occurs. The proximity of the
sharp tip to the elbow is essential in preserving diode performance under hooking. The
sharp tip is known to enhance the electric field which should best take place near or at
the MOM junction area. Detection performance of the MOM diode with this hooked tip was as
good as that of an unhooked tip; stability of this diode was observed to be long term.

Increasing wire immersion in solution by another 30% led to a very slender tip, as shown
in Fig. 3a. As evidenced in Fig. 3aa, the actual whisker tip would always produce a hook
similar to the optimum. However, with slight increase in contact pressure, the shaft of
the tip gave way, producing a large arch with an elbow now very distant from the actual hook
This elbow was the MOM junction area, where tunneling was pressumed to take place. The
tunneling process in this case did not receive sharp-tip field enhancement. Detection
performance of such a diode was poor, and so was the stability due to the lack of spring
action of this large arch.

After prolonged and extensive testing for the optimum hooked tip, and having arrived at
the appropriate etching parameters, it is natural to establish the range of these para-
meters in which the optimum tip shape could be maintained without degradation in both
detection and stability. Tips were repeatedly fabricated under these optimum parameters
and examined in detail under the SEM. The results are shown in Figs. 3bb and cc. They
show tips made under presumably identical conditions to possess slender ratios that are
almost identical. This is further verified by the reproducibility indicator, that is, the
hook formation. However, elbow formation varies significantly.

Other etching conditions

Whiskers were also etched with the application of a dc voltage of the same magnitude as
that used tn ac etching. At optimum immersion depth of the tungsten wire, the resulting
etched tip was dramatically different from the ac etched optimum tips, as demonstrated in
Fig. 4. Extremely short tips appeared that could not be hooked ;t all. One possible cause
for such a discrepancy may lie in the chemical behavior of the KOH solution in dcconduction
mechaiisms between ac and dc etching.

Nickel oost studies

Coimmercially drawn nickel wires were not used as the post in the MOM diode structure due
to the fact that the nickel surface on which a natural oxide layer will be formed is usually
very coarse, similar to the tungsten wire surfaces with severe striations. The contacting
process was greatly improved and standardized with the use of a quartz cylinder at the ends
of which a nickel film was sputtered. With this process, the nickel layer thickness could
be controlled by controlling the sputtering time or sputtering power, and the nickel
surface was guaranteed to be smooth. Oxide layer was then uniform on the nickel post.
Of course, the quartz post had a very small thermal expansion coefficient, so that MOM
junction diode width hardly varied with ambient temperature. Nickel film deposited was
examined by the SEM; film uniformity was acceptable as seen in Fig. 5 under 5400x magnifi-
cation. The granular nature of the film is still evident, although the film is electric-
ally continuous. Attempts are underway to improve film quality by reducing the granular
characteristics.

Wavoguide mounting-

A program is in process for the design of wavequide mounting of the point contact MOM
diode. An initial model has been built and is shown in schematic in Fig. 6. Detection at
microwave frequency was achieved, but stability of the diode was poor, due mostly to a
mounting problem using a micrometer stage. This is expected to be minor.

Conclusions

The results of a systematic study of the reproducibility and stability of the electro-
lytically etched MOM point contact diode with an undamaged hook have demonstrated the
feasibility of such a configuration. Control of the etching parameters and the diode
mount have shed some light on the feasibility of commercial manufacture of such a device.
In this case, tighter control of etching parameters is essential.
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MOUNTING I1'PROVEt.'EVTS OF THE ?. OK POINT CONTACT DIODE

C. Yu, I.I. Hemmatian and A. Yekrannlan
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North Carolina A Z T State University
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ABSTRACT gible thermal expansion of the post. It iS

then directly silver cemented to the inside

A planar mounting structure is devi- broad face of the X band wavenulde. The

sed that renders the etched tunnsten whi- etched tuncsten whisker is also silver

sker and the nickel post one integral cemented onto a auartz plate with the etch-

mechanical structure with possible orders 
ed tip protruding over the edge of the

of magnitude Improvement in the mechanical plate. The latter is thus used as a mobile

stability of the hooked-tip MN point co- carriage both for Insulating the whisker

ntact diode. Experimental results are electrically from the grounded waveguide,

presented. and thus the nickel post, and also for

transporting the whisker towards contact

ItITPODUCTION with the nickel post. The carriage must

have a tight fit with the broad dimension

Success of improving the mechanical, of the waveouide to minimize play of the

electrical and thermal stability of the carriace during sliding. The tip and post

metal-oxide-metal point contact diode by are so positioned that when the carriage

deliberately hooking an appropriately is within rance, the protruding whisker

etched tungsten whisker tip without blunt- tip lands approximately centrally on the

ing has been reported by us[l]. To prevent end face of the nickel post. The carriage

0 dearadation in responsivity, hookina must is held securely by a translation stage,

not be excessive, and this,as is known(2J, which provides micron scale movement for

cannot render the device totally immune the protruding tip along the common axis

to severe ambient mechanical and thermal of the whisker tip and the nickel post.

disturbances. Our current efforts are A small amount of glue is applied under-

directed at the refinement of tne hooked- neath the carriage for eventual securing

tip mounting structure, and inteoration of the carriage to the

wavenuice, making the whisker and post

C_ _JC_ I';E- one integral structure. The clue is suffi-

ciently slow settinn, so that there Is

The conventional free stancinc wnis- anple tire for maneuverino to achieve

ker, either in a vertical or horizontal optimum nenetration of the etched tip into

arrangement is obviouslv extre.ely vulner- the nickel surface oxide layer. This opti-

able to vibrations. It is the thought of mum is established via X band detection.

anchoring the whisker in some fashion This position is then held until the nlue

that leads to the idea of makina the sets. The signal is tapped from a ENC

whisker and nickel post one integral jack mounted on the top face of the wave-

structure. It is hooed that this conficu- nuide (see Fig. 1). It Is important that

ration will remove most of the relative etched tips of optimum slenderness be used

motion between the tip and the post, thus for a controlled, undamaged hook. Such

the major portion of the mechanical inst- tips are identified by SEt.: examination,

ability of the diode; then the hooked tip and only those of closely mathcing shapes

with Its inherent sorina action and the are selected (Fig. 2).

free etched tip pointing away from the

junction area should be able to accommo- DIODE TESTING
date residual mechanical vibrations. The

hooked tip has always been capable of VIORATICNJ TEST. X band detection scheme

handling extensive thermal fluctuations is used to monitor this test. The signal
either due to the ambient or when illumi- detected by the VO, diode Is displayed

hated by intense laser radiation in laser while the wavequide packaned diode is

detection and heterodyne applications. Subject to ambient vibrations. Severe

NEW OfCCE r)ESl N shocks are also administered to the diode
package. If no noticeable channes are obs-
erved under these test conditions, then

The essence of the new diode mount the package is shelved. The same set of

lies in the integration of etched tunnsten tests is performed daily on the package

whisker and the nickel post into a single over a period of weeks to discover any

mechanical structure. The X band is chosen aglna effects.

for diode testing since wavenuide packan- THERIAL CYCLING TEST. A mechanically sta-

Ing of the diode mount is convenient due bilized and properly aned diode packane

to reasonably large dimensions. A nickel is placed In an environment, where the

coated Quartz cylinder with ends polished temperature can be varied from dry Ice

serves as the nickel post to assure neqli- to boillnn temperatures. After such ther-

C!12204-6/85/0000-0133 SO.O0 1985 IEEE
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mal cycling , the diode paCkane is tested
at X band for possible dearadation in
responsivity. Such tests are also conduct-
ed during thermal cycling.

Control measures are used in the
fabrication of the etched tip so that
tips of nearly Identical shapes are used
as judged from SEM pictures. Three wave-
guide packages are made for repeatability
tests. These packages will not be dis-
assembled for continuing aging tests.

TEST 'ATA

The diode packarles are found to be
orders of magnitude more stable than
previous structures, where the tungsten Fig. 1. Waveguide packaging of diode.
whisker tip and the nickel post are
physically seperate. Slight variations
during thermal cycling may be due possibly
to the fact that oxide layer penetration
by the tip at room temperature Is not
optimum. At optimum oxide depth, respon-
sivity reacnes a fiat top where it is
least sensitive to thermally induced...'.
depth variationsi23. ~-_

CC': CL'_ I O!5

The interiral structure of the diode *

mount has been demonstrated to have the
capability of removino the major portion
of the vulnerability of th~e point contact

diode to mechanical vibrations. The use
of cuartz as the :05?T and carriane mater- -
ial tonetner with pro:er hookino of the
tip have conTritutec si-rlificanlly to
the hich decree of immunity of tne diode
structure to thier-al effects, whetner
be it external an'cient or irradiation
by laser radiaticn. -.

The next s~a,:e of our work w ill
involve further --iniaturization of the *.

package for rm wave and laser frenuency7
applications.IN919 i
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FIELD ENHANCEtEtIT AND I CPEASED ISLAND ARRAY
SELECTIVITY OF THE DISCONTINUCUS ,IV FILM DIODE

C. Yu and A. Niczad

Electrical Enineering Department

North Carolina A & T State University
Greensboro, NC 27411

ABSTRACT
hence narrow oxide layer between islands,

The receiving properties of the dis- thus high tunneling probability. Desirable
continuous metal-insulator-metal film diode film patches are removed with their glass
are significantly improved by the Inccrpor- substrates intact, and glued onto another
ation of the tungsten whisker antenna that glass plate (2). The etched tungsten
enhances the incident field strength over whisker is laid flat and silver cemented
selected metal Island arrays for optimum to glass plate (2) with the slightly bent
conduction paths. The planar version Is also tip positioned such that it will be in
mechanically stable, strong contact with the metal film patch

on glass plate (1). The difference in the

INTRCOLCTICi vertical elevations of the two plates,
which may also be made to vary, leads to

As an alternative to the metal-oxide variable contact pressure the tip can
metal point contact diode, we have design- exert on the film. This contact pressure
ed and tested a planar version using can also be controlled by controlline the
discontinuous nickel films[II vacuum shape or slenderness of the tip, which
deposited onto a glass substrate. As in turn controls the amount of hooking
previously reportedL23 , our success so upon contact. This technioue is very
far with this diode is in the assurance familiar to us throuch our experience
of stability, while the introduction of with the MOM point contact diode. The
IC chip arrays is met with limited success diode mount is then installed in the X
in improving the resoonsivity by increas- band wavecuide for packaging and testing
Ing the area of exposure to radiation. (see Fin. I).
However, due to the highly unpredictable
and uncontrollable properties of each TES

T PCCEDUPE
chip, their Interconnection often leads
to adverse results. The diodes are tested for responsi-

Havina worked extensively on the vity at X band. The question of stability
point contact :01 dioce[33 , our under- of the diode structure arises since the
standing of the local field enhancement whisker tip is apain employed. The nature
by a sharp point, prompted us to design of the film is readily probed throuch the
a hybrid structure that utilizes the pla- I-V characteristic of the diode, and its
nar feature of the film deposition on a decree of nonlinearity. Excessively hinh
planar glass plate for stability and the diode resistance is an indication of the
reintroduction of the etched whisker tip larce seperation tetween islands, and
used In the point contact diode In contact hence poor performance. Excessively low
with the island arrays for array select- diode resistance is clearly a sign of
ion and local field enhancerent. the progressively continuous nature of

the film.
[ _ G JECTIVE The sharp tip Is used for local field

enhancement and island array selection.
It is our aim to desirn and test a It ii thus expected to penetrate the

hybrid planar diode PacKace consisting nickel oxide layer completely and make
of discontinuous nickel film with islands good electrical contact with the islands.
seperated by naturally grown oxide layer Tunneling occurs between islands, where
where tunneling occurs in contact with the oxide layer thickness is fixed. In
anetched tungsten whisker tip. The diode the process of penetration, the tip is
structure is then Dackaaed in X band always either hooked or blunted, depending
wavecuide and tested for stability and on the slenderness of the tip.
Improvement in responsivity. This type of diode structure Is

subjected to ambient vibrations and
NEW DIODE DESIGN shocks. Wavenuide packaged diodes are

also shelved for aqinn studies.
Nickel film deposition on class sub-

strate (1 follows the same procedure as TEST DATA
reported previously Ell . The metal
Island arrays are probed for resistance As in the case of the '0" point
values in the range of less than 10 KOhm. contact diode, hooking of the whisker
This is the range of hlh Island density, tip does not denrade the resoonsivity

C112204-6/85/0oo-0135 $0l.O0 o 19R5 IEE



T5.8

136
of the film diode; it improves its stabi- Electron. Commun. Eng., Jpn., Sec. E

lity by many orders and over weeKs. E60, 166 (1977).

Stability Is maintained even under severe 2. C. Yu, S. A. Yekranglan and A. W.

shocks. This Is evidence of the fact that Frizzell, Conf. Digest 8th Intern-

the sharp point in this case is not used ational Conference on Infrared and

as the other electrcdeo, as in the case t-iH Waves, T 6.3 (Miami Beach, Florida,

of the [!OV point contact diode. The nature Dec. 12-17, 1983).

of hooking is not the main issue, as long 3. See previous paper in conference

as the oxide layer above the islands Is digest.

fully penetrated by the sharp tip. However,
bluntina of the tip will lead to absence

of electrical contact, hence zero slanal
output durinq X band detection.

Thermal cycling between dry ice and

boilinn water temperatures has an effect

on diode performance in detection. This
is most likely due to the nature of
mounting of the whisker in a lay-down

position. Heating and cooling then cause

the stem of the whsiker to expand or

contract that result In lateral move-
ment of the bent tip. This is clearly
demonstrated in the experiment when the

variation in responsivity is repeatable a

durina thermal cycling.

i nickel film

CO!CLSICI:S

It is felt that the introduction of

the whisker tip has enhanced the resoon- connection
sivity of the film diode over that to

for interconnected arrays. The sharp tip sround
local field ennancement and island array
selection are not significantly decradeo conection

with a hooked tip, which improves the

stability of the film diode by many

orders. The planar nature of the film/
diode witn the film and the whisker in

parallel planes renders i'e diode immune silvef etched
to ambient vibraticns. However, t~e bent cement tunagSsS
tip in the vertical cirection (see Fig. 1) tungsten

tends to move under thermal fluctuations whisker plate

resulting from the thermal expansion and

contraction of the stem of the whisker. b
It is expected that when a configu-

ration is devised similar to that for
the point contact iocde L31 , where no

lateral movem-ent of the tip is allowed,
thermal suscentibility of the film diode
will be greatly alleviated. Thickness of

the tunneling renion is fixed ty initial
:'ilm deposition, ,vhicn deter-ines Inter-
island spacini. This feature is extremely

desirable for ther-al stizilIity; while
in the zoint contact diode, oxide layer

penetration depth varies with temperature
even with a hooked tlp.

Ac.~.m~rts: hlp .or. iG 5uoorrcdpV y fi e c t aovaI ;,eSear(c h C, n Tr,-! t "" "T "''

:rj4-,~rI-' adM Ar-,/ -usearc'O ffice
Contract LAAGj 29-d3--Clt14.

C

PEFEPEHiCES Fin,. I. a - optimally hooked tip
b - Sketch of film diode

I. For-lono Twu, and S. E. Schwarz, Appl. and mount

Phys. Lott. 26, C72 (1975). c - 4av.quide diode packanine..

S. Ckamura, and X. [jichi, Trans. Inst.
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Guided transmission for 10 um tunable lasers

C. Yu, A. Sabzali, and A. Yekrangian

Electrical Engineering Department, North Carolina A & T State University
Greensboro, NC 27411

Abstract

Mid infrared laser technology centered around 10 m has been driven by the availability
of highl)" efficient, high power tunable CO, lasers, continuously tunable lead salt diode
lasers, and the rapidly advancing infrared-fiber technology. Utilization of such systems
is already becoming commonplace in medicine and laser heterodyne spectroscopic systems for
remote sensing. These applications are increasingly requiring system flexibility, mobility,
hence compaction and integration. To meet these needs, some steps toward 10 pm system
integration and compaction have been explored with available mid IR components.

We will report on our studies in the CO laser + metallic piping/fiber + detector system
and the tunable diode laser (TDL) + fiber i detector system for heterodyning. Metallic
piping will be compatible with w/g CO, laser and w/g packaged detectors, where the l.f.
beat will be in the microwave region. ,Fibers will be compatible with TDL for direct butt-
ing, but incompatible with w/g packaged detectors. There is also severe thermal gradient
between fiber section in the TDL coldhead at LII., or LN, temperatures, and section at room
temperature. Current technology provides lowlos4, rugged, near single mode piping, but
appreciably higher loss, fragile, chemically unstable multimode fibers. However, there is
no doubt fibers will be the ultimate mid IR laser system integration medium, so most of
our efforts arc in fiber testing and fiber system integration. Comparison studies have been
done on relevcnt fiber parameters, such as loss, toxicity, hygroscopicity, refractive index,
flex ibilitv, shelf life, and thermal behavior at low temperatures of crystalline KRS-S,
h.lI ide and chalcogenide glass fibers. Emphasis is placed on thermal shock evaluation at
I., and LII, temperatures with respect to mode structure, flexibility and shelf life.

Introduction

Optoelectronic systems operating in the mid and far infrared have found special applica-
tions that utilize the unique characteristics of this region of the spectrum. Thus, cohere-
nt or heterodyne laser systems have been in use in the field of high resolution spectrosco-
py in the monitoring of atmospheric and automobile exhaust gaseous pollutants; such systems
are also installed as airborne laser scanning systems that require visibility under adverse
weather conditions, such as fog, haze, moderate rain, smoke and dust; endoscopic laser
treatment and laser surgery delivery systems, to name a few. These major areas of appli-
cation increasingly call upon high level of system mobility, greatly enhanced mechanical
flexibility and adaptability, stability and reliability. Current systems normally incor-
porate IR transmissive and reflective optics in the form of lenses and mirrors, which are
bulky, costly and easily penetrated by environmental factors. These systems lack flexibi-
lity, stability, reliability and portability. IR systems must therefore duplicate those
in the visible through system integration and compaction.

Portability calls for down scaling of system size through miniturizatibn of the source,
detector and the guiding medium simultaneously for component dimensional compatibility.
The development of lead salt diode lasers as alternative and complementary sources to CO
and CO, lasers is an important technological advance in the ultimate integration and com-
pactiofl of mid and far infrared communication links. Advances in IlgCdTe and metal-oxide-
metal (MIOM) thin film detectors lend high speed to these systems. The broadening market
has brought about portable high-power CO and CO, lasers. The guiding media of hollow

imetallic pipes and fibers are maturing at a frafltic pace, leading to rapidly decreasing
fiber attenuation with anticipnited figures in the Rayleigh scattering limit of 0.01 dB/Km.
The introduction of such guiding media will eliminate conventional lenses and mirrors and
similar accessories, resulting in totally integrated and compacted infrared optoelectronic
N vst ems.

The idea of IR system 1ntegrationl and compaction via the fiber guiding medium was
cOnceived by us in the late seventies . Ilowever, due to the lack of IR fibers at that
time, one of the alternatives was extending the microwave technique by using small, hollow
metallic waveguides to gain flexibility. Even at present, such metallic piping is compe;i-
tive with If fibers in numerous system characteristics. The room temperature MOM diodes'
b1.cnc developed by us has the advantage of the elimination of the dreaded cryogenic envi-

onmc-nt, that is required by other types of detectors. Such an environment is a significant
, hs.,,lc to s'stem integration and compaction.
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1. v_,. l hot e rodvne ' vstern 1nt :irat on ;c hemes at 10.6 um

A. A ,:ptelt metallic waveguide link is possible with dimensions compatible with the
.cuidc CL,, laser and waveguide packaged MON1 discontinuous film or point contact diodes.
In t-c hctcr,7d'ne scheme, the laser heat frequency will be in the GIIz range, and this
r:id.attion c ~h. directed through waveguide transitions to standard microwave waveguides.

B. X Totally IR fiber link is possible by direct butting of the fiber to the TDL source
at one :iher end, with the other end directly bitted to a mixer diode, which can be the
sputtered MOM. discontinuous Ni film chip array - on a substrate or the IIgCdTe diode. The
mixer diode output will then have to be guided by microwave waveguides.

C. .\ hvhrid metallic piping with TDL source system is conceivable, in which the TDL is
housed in the metallic waveguide, which is connected with the waveguide packaged mixer
diode (,O.) via waveguide transitions. The entire system will be one waveguide package,
from which the microwave beat frequency can be tapped directly.

C. Hollow piping studies will concentrate on the fabrication of very small diameter
waveguides for uhtimate flexibility with guide wall material selection for ultimate low
loss. Testing will be conducted with both CO, laser and TDL sources.

D. Infrared fiber in-house testing will continue with available fibers on significant
fiber parameters such as transparency, attenuation, toxicity, solubility, hygroscopicity,
refractive index, mechanical strength, flexibility, thermal behavior, photosensitivity
and stability fhe temperature range of interest covers from LI2 to LN, to room temperature
and above lU0 C.

E. MOM. film diode research will continue for diode packaging in the infrared with
*mounting in metallic waveguides, sputtering on substrates and directly sputtering onto

fiber end.

F. Specific system experiments will be carried out on CO, laser beating in hollow
waveguide and IR fiber; CO, and TDL beating experiments is of interest. The ultimate
_)packag4ed system will be tegted.

c(omponieit Technology Status Review

A. Status of hollow metallic waveguides
3Basei4 on the earIy work on infrared hollow metallic waveguides by E. Garmire , M. E.

Marh ic , our work and others, several developers of medical products have reported the
develop:ment of hollow waveguide CO laser delivery systems ". Recently, a surgical laser
product that incorporated a 2 mm diameter hollow waveguide arm developed by Laakmann
Electro-Optics has been introduced into the market.

The maior advantages of such a guiding medium lie in the basic properties of the metall-
ic waveguide, such as preservation of polarization, low metallic losses on guide wall,
virtually no upper limit on power to be transmitted, and immunity to adverse environment.
These waveguides are dimensionally compatible with mixer packages that are housed in micro-
wave waveguides and CO. waveguide lasers.

For these waveguides to be highly flexible, they must be of very small cross sectional
dimensions. This normally results in high launch loss unless additional lenses are used for
initially beam guiding. Nevertheless, these lenses can be housed in mechanical structures
as part of the waveguide package to achieve high level of sturdiness. There is no sacrifice
in system size for CO, laser sources, but some for TDL sources. Recent results report
an aluminum rectangular waveguide of v, size of 0.5 mm x 8 mm, having an 83% transmission
efficiency, which decreases to about 70% for a 90 degree bend with a 0.1 m radius; to
about 50% for a 360 degree bend; to about 60% for a 180 degree twist.

0B. Status of mid and far IR fibers

There is no doubt the current surge of activities in the research on IR fibers Is the
result ot prospective application of these fibers ig wide areas of medical practice, such
as endoscopes and laser delivery system in surgery . These initial requirements on fibers
for sufficient flexibility, power carrying capability, resonably low loss and absence of
toxicity, chemical Inertness are for the purpose of replacing articulated arms and the use
of natural body orifices for nonintrusive diagnostics and surgery. These can be satisfied
with fibers of mm diameter and losses of fractions of a dB per meter. Current fibers'do
satisfy these conditions. However, for future pinpoint surgery with highly localized burns,
the development of much smaller diameter and even single-mode fibers is essential. Such
requirements will then match those in high speed IR communication systems.
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Sone highly indicative results on fiber loss have been presented in the literature
with reference to zirconium fluoride glass, Chalcogenide glass (AsGeSe) and (GeSeSb),
metal halide and KRS-S fibers. Fiber loss falls in the range of 1-20 dB/m for 10.6 urm far
infrared fibers and less than 1 dB/m for 2-4 urm mid infrared fibers. ZnSe fiber of 1 mm
diameter and 30 cm length was reported to have a 60% transmission at 10 um . We have been
able to obtain only a limited number of fibers of different variety and of lcss than a
foot of useful length. These are early fiber versions from Prof. Katzir of Tel Aviv Univ.,
Dr. flartouni of General Dynamics, and Dr. Htarrington of Hughes (we understand he is no
longer at Hughes), and a Galileo fiber. These sources have supplied us some fiber data,
intrinsic to the fibers, and we have tested these fibers under our application conditions.
Only qualitative conclusions will be drawn on the performance of these fibers, since no
prior discussions have been held with our fiber sources.

Rita supplied by the sources and some of our test results are presented in Table 1
below.

Table 1

ih SILVER CHALCOGENIDE CHALCOGENIDE CHALCOGENIDE
FIBER HAL1IDE GLASS GLASE GLASS*

(AgCl) 'AS3S2) (Gel5AS!OSe75) (Ge28Sb12Se6O)

PROPERTY

TRANSMISSION 0.6-20 0.7-10 0• - 5-10
RANGE ( jn)

rLOSSE S(d!'/n) 1 10-16 10-16 6-8

TOXICITY NO NO NO NO

-4
S O L U B I L I T Y 1 .5 X 1 0 ... .. .

( !/ 1 C0)

EIAME I ER (,in) 1000 .... 300

MOIE MULTIMODE MULTIMO[E MULTIMOIE MULTIMODE

-5

APFOFF-TION -1 9 X 10 ......
COEFFICIENT en,

REFEF:ACTION 1.98-2 2.39 2.48 2.6-
INVEX

TENSILE 2

STRENGTH(Ksn/., ) 2-25KBAR GOOD 300D 160

HARDNESS 2-- 171 150

FLEXIBILITY YES YES YES YES

CRYSTAL VC PC PC
STRUCTURE

PHOTOSENSITIVITY NO NO NO NO

TRANSMISSION AT
LN2 TEMP.(77 K) -- %

* COMMEFC!AL

These early fibers are generally quite lossy even for less than one foot lengths, possi-
bly due to our crude input coupling. Some fibers were tested in the dark room and some
showed aging effect. They were all quite flexible and possessed adequate mechanical
strength under 90 degree bending. Fiber loss increased when immersed in LN, bath with a
7S% drop in transmission from room temperature values. Since these fibers gere uncladded,
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-.n multti::ode ,the mode structure observed was complex. \ schematic of the fiber test ing
s-'tup is shown in Fig. I, and a pictorial view of the actu:l I setup is shown in Fig. 2.

CHOPPER
CLAMP UN2 Bath

LASER CO 2 - - - - -

To I-6ETECTOR
PLOT TER

FPoW-ER SUPP LY FIBER 7XYZ,

I DETECTOR F IBER 1 I

r77.1O~r~raR.~~,~FIBER
IPLOTTER IHOLDER

'TRANSLATION Fig. 1. Schematic of fiber testing
STAGE setup.

Fig. 2a. Overview of fiber testingIL '-, setup.
A - eNe laser;

B - CO2 laser.

Fig. 2b. Closeup view of setup.
A - fiber input end;
B - bottle serving as

variable diameter drum.
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Since some fibers were photosensitive, the tLestIng facIlity was set tup In a da irk oor
Illuminated by red light only. A LaakmantnwavcguIde CO, laser served as the source, and a
standard low power lieNe laser was used for fiber alighment. Fiber loss measurement was
based on the cut back method. Since the number of fibers we had were few, and fiber length
w:is short, .ill tests were performed and data gathered before the cut back technique was
used. Fibers were tested at LN, temperature by immersing them in a LN, bath. Fiber loss
was measured before anid after the immersion for the straight section ind with a 90 degree
bend. No reduction in fiber flexibility was observed. The bending radius was varied
by wrapping the fiber around a cone-shaped glass flask with a narrow neck and a wide base.
Its mounting on a vertical jack provided the necessary vertical motion for the flask, and
thus a variable wrapping radius for the fiber.

C. StaItus of LVisCer Sources

Tunable diode lasers (TDL) are currently the only commercially available semiconductor
lasers that lase in the 3-30 pm region. These lead salt TDL's are dimensionally compatible
with IR fibers and potential IR communication links, since they are inherently fast devices
with risc and fall time in the 100 psec range. However, current diode technology imposes
a cryogenic environment for a below 77 K operating temperature. Early TDL's in the late
seventies first applied to high resolution laser spectroscopy were plagued by reliability
and lifetime problems, as witnessed by one of the authors. The eighties have seen dramatic
improvements in device fabrication, packaging and testing that have led to multiyear
device lifetimes. The early broad-area homostructure devices are the simplest, and hence
most reliable. But poor waveguiding of the planar Fabry Perot cavity leads to excessive
loss, and uncontrollable mode structure. The improved mesa stripe geometry raises the
operating temperature, and in some cases to as high as 118 K . It also provides a wider
tuning range and improved mode structure. The introduction of the heterostructure fabrica-
ted by LPEi and even NBE leads to quantum well lasers with very thin and uniform epilayers,
and hence very low threshold and higher operating temperatures,to as high as 174 K cw and
241 K pulsed.

It is anxiously anticipated that in the near future the severe cryogenic environment
of LII, or I., can be lifted so that miniature refrigerators can be used for nominal cooling
of tht high temperature TDL's. This will result in much improved dimensional compatibility
of these sources with IR fibers, and thus truly integrated and compacted IR systems.

For completeness, some commercial CO, lasers in the market are tabulated in Table 2,
with emphasis on small size , power level and tunability. In comparison with TDL's, these
sources are grossly larger in size and poorer in portability. This is only a very small
sample of the market, and no particular preference is given to any manufacturer.

Table 2

sI.ZE or I UNAV I L !T
MANUF rCTUREF: f -DLEL SIZE( in FOWEF SUPFLY(in) POWER FAN1,E

----------------------------------------- ----- -------- ---------------- ----- ----------

LINE LITE 945 5.5H X 6W B UILD, IN 7W TYF '-lI.4.m
LASER COFF. X 24.5L 5W MIN

F1 941S 4H X 5.5W 9H X 9.5W X 12L 3.SW TYF

X 19.5L 3W MIN

LASEF< LS-15 3.5H X 3.2W 3.5H X 8.4W X 14L 1.5W 9.2-10.8
PHOTONICS X 13L /um

of LS-55 3.5H X 3.2W 4H X 6.7w X 12.4L 5.5WU
O X 17.4L

HUGHES 3000H 8.2H X 6.25W NOT AVAILA(LE 1W
AIRCRAFT -GT X 16.5L

3900H 3.27H X 3.COW ,t, 20W
X 30.5L

SPIE Vol 717 Reliability Considerations in Fiber Optic Appeot, ons (i196/ 37

J a



L. St Itus : ?-if r rd IIt,- ct "C -

fherLe i 1 a ltrge v:rietv of commercial fast 1;ol id state detectors, oinated essentl lv
by ilgCdTe ,. is detector is reported to have a 1-25 urm spectral rang , a D* that varies
from I 0' to 10) , and a rise time in the nsec range. The room temperature version certainly
qualt Ics as a t:'ld nsionally compatible component in the integration scheme.

Another category of detectors, called the metal-oxide-metal (MOMI) diode detector is the
subiect of our extensive research efforts. This is inherently a room temperature device with
a D; of about 10' and is most attractive in view of its extremely fast response time of
the order of 10 sec, giving it a spectral ranlge from the microwave region to the mid
infrared. When used for laser heterodyning, it exhibits an IF bandwidth of over 100 dltz.

We have conducted extensive work in the fabrication and testing of a stable, highly
responsive and broadband MOM diode for mm wave and infrared detection and mixing. Two
highly stabilized versions have emerged so far 2. Both versions utilize a deliberately
hooked tip of an electrolytically etched tungsten whisker to penetrate either fully or
partially the naturally grown oxide layer of a nickel post or islands of the discontinuous
film, forming an MOM diode with tunneling as the dominant conduction mechanism. The former
is the so called point contact diode, and the latter is the discontinuous film diode. The
point contact diode is a single diode, while the latter consists of a large collection of
MOM junctions randomly connected electrically when nickel is sputtered onto a substrate
and the sputtering process terminated before a continuous nickel film is formed. The
discontinuous film is inherently nonuniform, so that there are various groupings or clusters
of islands with varying spacings between islands. The grouping with very small island
spacing is considered optimum for tunneling, but low in overall resistance. However, such
groupings can be selected and electrically connected externally in series to increase diode
detection output. On the other hand, if single island grouping produces high resistance,
then multi-groupings can be connected in parallel to lower overall diode resistance. This
latter arrangement is not preferred due to poor tunneling of the single grouping. The long
tungsten whisker also serves as a long wire antenna, and is thus incorporated as such in
both diode versions. Proper hooking of the whisker tip is extremely important in terms of
the performance and stability of the diodes. This is done by controlling the whisker tip
etching process. Figures 3 shows two different etched tips and their subsequent hooking.
Figure 4 shows the design of an optimum island grouping, called a "chip", and a series
connection of these chips.

Fig. 3a. Etched tungsten whisker. Fig. 3b. Damaged tip when hooked.

Fig. 3c. Etched tungsten Whisker. Fig. 3d. Optimally hooked tip.
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Figure 5 il lust! ates tile ., vlv of t he 'l0'4 ki icont inuu u Il' Im diode and its packaging
in an x band u.aveguid.

_~ Ni
iactive

~pssive
Ifilm

SINGL CHIP (not used)

/single film chip with best/ / conduction path for diode performance

DIODE WITH
CHIPS CONNECTED
IN SERIES

Fig. 4.

silver cemecnt tungsten whisker

INickel film g

to t N -- lass plate
gro~a~wire

L. 1 7glass plate

Fig. Sa. MOM discontinuous film gon

0 diode assemblv.

Fijg. 5b. Waveguide packaged MOM diode.

Status of Integrated 1k Systems

Integrated CO, laser systems with nollow piping and fibers have been reported and are
in the market inimited numbers. The Laakmann hollow pipe r-75 flexible fiber delivery'
system is an example with a 75 cm long hollow tube with a 2 mm diameter and an 85% trans-
mission when straight, and a 60'. transmission with a 90 degree bend. Obviously this size
delivery system cannot provide few-mode or single-mode transmission, highly desirable or
evcn absolutely necessary in IR broadband and coherent communication systems.

We are in the process of fabricating a hollow pipe compatible with rigidly waveguide-
packaged lens units for high level of adaptability to Till. front end and I~gCdTe or MOM
diode receiving end. An illustration of such an arrangement is shown in Fig. 6.
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- - w/q mounted

Cyhndr.cal tens L-rht q 
,de

Metal pipe
Trjnsritter end Fiber Receiver end

w-th TCL source

Fig. 6. TDL source + waveguide+ detector integrated system package.

The above system is proposed for coupling into hollow pipes of extremely small dimension.
Direct butting between TDL and fiber is assumed, unless such butting is not possible in
practice. In this case, the above arrangement can also be used for remote TDL to fiber
input coupling. q

The entirely fiber-and-TDL-and-detector integrated system will be tested and upgraded
continuously as improved fibers are becoming available. It is anticipated in a more remotefuture that TDI. can be housed in miniature refrigerators or are free from them completely
with high temperature laser diodes.
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